The bacterium Rhizobium meliloti forms nitrogen-fixing nodules on certain members of the genera Medicago, Trigonella, and Melilotus. The bacteria invade the host plant through root hairs, stimulate cortical cells to divide, and occupy nodule cells, where the plants and bacteria establish a metabolic symbiosis (28) . This process requires bacterial nodulation (nod) genes, including nodA, nodB, and nodC, which are required for early events in this sequence, and also nodE, nodF, and nodH, which influence efficiency and host specificity (4, 8, 9, 24, 25, 49) .
Regulation of nod genes is complex, and each of the two symbiotic partners has a role. Induction of the nod genes in R. meliloti requires both plant-produced flavones such as luteolin (38) and a regulatory gene, nodDi (34, 35) . The deduced amino acid sequence of nodD shows it to be in the newly defined lysR family of positive gene activator proteins (20) . NodDl stimulates nod gene expression at the level of transcription, probably through an interaction of NodD protein with a specific and conserved sequence called the nod box (11, 12, 42) , which is located upstream of many of the nod genes, including nodABC, nodFE, and nodH. R. meliloti possesses additional, highly conserved copies of nodD (nodD2 and nodD3), each of which is functional under certain conditions (15, 21, 22) . Activation of gene expression by NodD2 occurs in the presence of plant signal molecules other than luteolin (16, 21) . When nodD3 is carried in trans on plasmid pRmJT5, it allows elevated expression of a nodC-lacZ fusion in the absence of plant inducer, from the same promoter as that activated by nodDl (35) . A locus designated syrM (symbiotic regulator), which maps between nodH and nodD3 on pRmJT5, is required for this nodD3mediated expression: syrM nodDI nodD2 mutants fail to express nodC-lacZ constitutively at high levels, nor do they initiate nodule development (35) . Bacteria which lack all three copies of nodD but not syrM are also Nod- (22) .
The genetic constructs which revealed the syrM-nodD3 regulatory circuit also revealed a second activity of syrM: bacteria carrying plasmid pRmJT5 form unusually mucoid colonies (35) . Transposon TnS insertions in syrM abolish the enhanced mucoid effect. TnS insertions in another locus on pRmJT5, syrA, also suppress the mucoid phenotype but do not affect nodD3-mediated expression of the nodC-lacZ * Corresponding author. fusion (35) . The syrM-syrA mucoid phenotype acts through the known exo genes exoA, exoB, and exoE and perhaps others (35) . Therefore, syrM acts in trans to stimulate nod gene expression via nodD3 and exo gene expression via syrA (35) .
In this study we determined the DNA sequence of syrM and verified expression from the syrM locus by in vitro transcription-translation assays. We report that the SyrM amino acid sequence shares similarity to the sequence of NodD proteins and to other proteins in the LysR family.
MATERIALS AND METHODS Plasmids and strains. pRmT17 is pBR322 with the 5.5kilobase (kb) ClaI fragment of R. meliloti 1021 Sym plasmid. pMB1 and pMB2 consist of the 2.6-kb SphI fragment of pRmT17 cloned in both orientations into pUC119. Escherichia coli strains DH5ct (17) and JM101 (32) were grown as described before.
DNA sequencing. Both strands of the 2.6-kb insert of pMB1 and pMB2 were sequenced by dideoxy-chain termination (43) with a modified T7 polymerase (Sequenase; U.S. Biochemical Corp.). Exonuclease III (19) was used to generate a set of nested deletions. pMB1 and pMB2 were digested with KpnI and BamHI so that the 2.6-kb insert would be progressively deleted from the BamHI site. Singlestranded DNA was prepared as described previously (13) with the aid of helper bacteriophage M13K07 (50) . Overlapping deletions were sorted by using the DNA sequence analysis program SEQSORT (8) . Analysis of the completed sequence was done with the University of Wisconsin Genetics Computer Group software (5) and the TULLA program (48) . TnS insertions were subcloned, and their locations were determined by sequencing from a primer specific for the TnS end.
In vitro transcription-translation. Single-stranded DNA from selected exonuclease III-generated deletions was transformed into DH5a. Double-stranded DNA was isolated and purified on a CsCl gradient, and 1 ,ug of each of the resulting DNAs was incubated in an R. meliloti S-30 extract (13) at 30°C for 70 min. Radiolabeled proteins were electrophoresed on 12.5% polyacrylamide gels (27) and visualized by autoradiography. Southern analysis. A 1-,ug amount of bacterial DNA (a gift of Jean Swanson) from each strain was digested to comple-3696 BARNETT AND LONG tion and resolved on a 1% agarose gel. DNA was transferred to a Zeta-Probe (Bio-Rad Laboratories) membrane by standard procedures (30) . Hexamer-labeled probe was prepared by the method of Feinberg and Vogelstein (10) , with gelpurified DNA fragments as the template. Hybridization was performed at 65°C for 16 h in 0.5 M NaH2PO4 (pH 7.2)-i mM EDTA-7% sodium dodecyl sulfate (SDS)-1% bovine serum albumin (3). One wash in low-stringency buffer (40 mM NaH2PO4 [pH 7.2], 1 mM EDTA, 5% SDS, 0.5% bovine serum albumin) was conducted at room temperature and was followed by two washes in high-stringency buffer (40 mM NaH2PO4 [pH 7.2], 1 mM EDTA, 1% SDS). Autoradiographs were exposed at -80°C with an intensifying screen.
RESULTS AND DISCUSSION
A set of Tn5 insertions in pRmJT5 (49) genetically defined the syrM locus ( Fig. 1) (35) . The location of the syrM gene, subcloned on a 2.6-kb SphI fragment, is shown in Fig Fig, 1 . The DNA sequence begins 850 base pairs (bp) from the rightmost SphI site of Fig. 2B . The ORF, which terminated at bp 1119 ( Fig. 1 ), had ATG codons at positions 142 and 217. If these ATG codons were used as translation initiation sites, the ORFs would encode polypeptides of 35,952 and 33,063 daltons (Da), respectively. A Shine-Dalgarno-like sequence was present upstream of the first ATG codon but not the second. However, this may not predict the translation start site, since most Rhizobium nod genes do not have a Shine-Dalgarno consensus and the corresponding rRNA sequence has not been reported. The direction of transcription of this ORF was opposite that of each of the known flanking loci, nodH and nodD3 (Fig. 2B ). The insertion points of TnS mutations 701, 311, and 712, which correlate with the SyrM-phenotype (35) , were determined by sequencing the TnS-genome junctions (triangles in Fig. 1 ). Tn5 insertion sites are consistent with the positions deduced from restriction mapping (49) ; all three lay within the putative ORF ( Fig. 1 ).
That this putative ORF does indeed encode a protein product was confirmed by in vitro transcription-translation analysis with R. meliloti S-30 extracts. The autoradiograph in Fig. 2A shows that a protein product which migrated at approximately 35 kDa was obtained when pMB1 or pMB2 DNA was used but not when the pUC119 vector lacking insert was used. Similarly, reaction mixtures to which no DNA was added did not have products migrating at this position (data not shown).
Deletion analysis was used to define the region of the 2.6-kb SphI fragment that allowed expression of the syrM product (SyrM). The deletions used were chosen from among the exonuclease III-generated derivatives of pMB1 and pMB2 used for dideoxy sequencing. The restriction map of the 2,6-kb fragment is shown in Fig. 2B along with the truncated clones represented by bold lines 1 through 8. Results obtained with these clones are shown in Fig. 2A , lanes 1 to 8. Expression of the 35-kDa product was seen when deletions 1, 7, and 8 were used as templates for coupled transcription-translation but not when deletions 2 through 6 were used. These results define a region, represented by a hatched line in Fig. 2C , containing the locus necessary for expression of SyrM. These results are consistent with the location of the ORF shown in Fig. 2C by a thin GTACTTCTGATTAACGGAAAATCACGACGCTTCCCATTTGTCGGCGGGCCAGGAAAGTCT 60 TTGGCACGCACACCCATATTGTGACGACCTGGATCTTCGGGATGTGGCGCGGGAACATTA 120 arrow. It is interesting that the amount of SyrM appeared to be reduced in reaction 7 compared with reaction 8. Deletion 8 had the first 171 bases of the SphI fragment deleted, whereas deletion 7 had 786 bases deleted. This suggests that the sequence missing from deletion 7, upstream-of the ORF translation start site, is important for efficient expression of SyrM.
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The SyrM ORF possessed two translation start codons in proximity to each other. As stated earlier, depending on which start site is actually used, SyrM may be either 35.9 or 33.1 kDa. It is difficult to determine unambiguously which ATG represents the true start codon from the results obtained by SDS-polyacrylamide gel electrophoresis. In fact, SyrM migrated at about 35 kDa, intermediate between the two predicted sizes.
The Protein Identification Resource (Release 19.0) was searched with Genetics Computer Group software (5) and FASTA-MAIL (37) for proteins with amino acid sequences similar to the SyrM sequence. It is interesting that SyrM showed significant similarity to NodD protein. NodD proteins have been characterized from a wide variety of Rhizobium species and show great similarity to each other. The similarity of SyrM to NodDl from R. meliloti is shown in Fig. 3A (42) as demonstrated by gel retardation assays (12) and DNA footprinting (11) . The N-terminal region of NodD has been proposed to contain a DNAbinding domain, based on similarities to cro-like DNAbinding proteins (20) .
The amino-terminal region of SyrM was analyzed with the same frequency matrix (6) used in the Henikoff et al. study (20) . This analysis assigns SyrM a 60% probability of having a helix-turn-helix motif in the N-terminal region, a greater probability than was determined for NodD. The above results and additional sequence analyses place SyrM in the LysR (46) family of DNA-binding proteins (20) . Other members of this family include NahR (44) , MetR (39), NodD (8) , OxyR (2), CysB (36) , LeuO (18, 20) , IlvY (51), AmpR (23), AntO (14, 29) , TrpI (1), and TfdO (47) . Results obtained from TULLA alignments of SyrM and LysR to several of these LysR family members are shown in Fig. 3B . TULLA is a program designed to perform multiple sequence alignments that best reproduce the three-dimensional structural alignments determined by X-ray crystallography (48) . The matrix of relatedness used for this comparison was that of McLachlan (31) . Each number in Fig. 3B represents the standard deviation above the random mean, i.e., how the similarity score for each pair compares to a similarity score where the sequence of one member of the pair is randomized. These data indicate that SyrM has significant similarity to LysR, NahR, LeuO, IlvY, and AmpR. The homology between SyrM and NahR (44) is especially significant, the standard deviation being slightly higher than that of the NodDl-SyrM alignment. NahR is a positive regulatory protein that activates the genes necessary for utilization of naphthalene and salicylate by Pseudomonas putida (45) . Other members of the LysR family, such as CysB and TrpI, are not significantly similar (48) . Pairings with LysR are shown for comparison. Each number represents a standard deviation (sigma) above the random mean. Sigma values must be at least 3 to 5 to be considered significant.
to SyrM. This is consistent with current theories that the LysR family may contain one or more subfamilies (20, 44) whose members share greater similarity. Biochemical experiments are now needed to confirm that SyrM is a positive regulatory protein and to characterize its DNA target(s).
The common nod genes nodDABC have been shown to be highly conserved among various Rhizobium species (40) . Therefore, we wanted to determine whether homologs of syrM are present in different Rhizobium species. Genomic DNAs from several species were separately digested with BamHI and ClaI, transferred to nylon membrane, hybridized with a 448-bp XbaI-BgJI fragment wholly internal to the syrM coding sequence, and washed at low stringency, as described in Materials and Methods. Figure 4 shows that the probe hybridized to the expected 7.8-kb BamHI (the size was determined from a lighter exposure of the same blot) and 5.5-kb ClaI fragments of R. meliloti 1021 DNA. In addition, a 3-kb BamHI fragment and large ClaI fragment showed a lesser degree of hybridization. This may indicate the presence of a second R. meliloti locus having some sequence similarity to syrM. The syrM probe hybridized with low intensity to three BamHI fragments and several ClaI fragments of DNA from ANU843, an R. leguminosarum biovar trifolii strain. Similarly, the syrM probe hybridized weakly to several ClaI fragments and more strongly to at least one BamHI fragment of the two R. leguminosarum bv. viciae strains p8401(pRL1) and RL300 and to digests of ANU265, a Nod-, pSym-cured derivative of a broad-host-range Rhizobium species. NodDABC, which are well conserved at the amino acid and DNA sequence levels among many Rhizobium species, cross-hybridize with R. meliloti-derived probes at somewhat higher stringencies (40) .
We wondered whether the syrM probe cross-hybridized to nodD sequences because the hybridizations were done at such low stringency. This is unlikely for several reasons.
First, the 448-bp probe does not include the N-terminal region which contains much of the syrM-nodD conserved sequence and has only a 36% similarity to nodDI at the DNA sequence level. Second, we observed that the syrM probe did not hybridize to fragments containing nodDI or nodD3 in nanogram amounts (data not shown), even at the same low stringencies used for the genomic Southern blots. Finally, the size of the faint 3-kb BamHI fragment seen in 1021 did not match that expected for nodDI or nodD3 based on the known R. meliloti restriction map. Since cross-hybridization between the syrM probe and nodDI of R. meliloti did not occur, we conclude it is unlikely that cross-reaction occurs Hybridization of syrM probe to Rhizobium genomic DNA. Genomic DNA from various Rhizobium strains was digested separately with BamHI or ClaI, transferred to a membrane, and hybridized, as described in Materials and Methods. The syrMspecific probe is a 448-bp XbaI-BglIl fragment (see map in Fig. 2) . Strain 1021 is an Stri derivative of R. meliloti SU47. ANU843 is an R. leguminosarum bv. trifolii strain (41) . ANU265 is a broadhost-range Rhizobium strain that has been cured of its Sym plasmid (33) . RL300 (26) and R8401(pRL1) (7) are R. leguminosarum bv. viciae strains. Molecular sizes (in kilobases) of lambda HindIll markers are indicated by arrows. between the syrM probe and nodD2 or with the nodD genes of other species. We also found by Southern analysis that two additional R. meliloti strains, Rm4l (provided by A. Kondorosi) and 102F51 (Nitragin Corp.), have sequences homologous to syrM (data not shown). To determine whether any of the detected homologies correspond to a syrM-like gene, it will be necessary to clone the homologous segments of DNA for use in functional tests.
We determined the nucleotide sequence of syrM and confirmed by in vitro transcription-translation that it encodes a protein of either 33 or 36 kDa. SyrM shows similarity to the amino acid sequence of Rhizobium NodD proteins and to several members of the LysR family of bacterial activators (20) . The locations of the TnS insertions previously analyzed by the genetic level (49) have been confirmed to lie within the syrM ORF. These insertions were shown in another study to abolish nodD3-mediated expression of the nod genes as well as syrA-mediated expression of the exoA, exoB, and exoE genes (35) .
The function of syrM in nodulation is still largely a puzzle. The syrM locus is not absolutely required for nodulation of alfalfa in our standard nodulation assays (syrM nodD3 mutant strains are Nod'). Perhaps syrM is important in some manner not detected in our plant assays, for example, in competitiveness or host range specificity. Additionally, there may exist a protein with redundant function that is not highly conserved at the DNA sequence level and therefore not readily detectable by Southern analysis. There is some evidence showing how syrM may interact with nodD3.
Western immunoblot experiments show that syrM regulates the amount of NodD3 protein and that extracts from strains containing syrM retard nodD3 promoter fragments in a gel mobility shift assay, whereas extracts from strains lacking syrM do not (Yelton et al., unpublished data). Further experiments will be needed to determine how and when expression of syrM is mediated.
